Highly active antiretroviral therapy (HAART), consisting of potent combinations of antiretroviral drugs, has been a major advance in treatment of HIV-1 infections (22, 25, 52, 70) . HAART enables long-term suppression of plasma viral RNA (vRNA) to undetectable levels for prolonged periods in many persons. This treatment results in a lower rate of emergence of drug-resistant variants, delay or prevention of disease progression, lowered mortality rates, and improved quality of life (16, 52) . Nevertheless, HIV-1 inevitably reemerges following cessation of HAART (10, 50) . With more sensitive reverse transcriptase PCR (RT-PCR) assays now available, it is clear that low-level viremia persists (26) , even in persons on suppressive regimens for more than 7 years (11, 44) . Thus, these regimens do not eradicate HIV-1, and therefore life-long treatment is required, which is costly and associated with numerous toxicities.
There are at least two mechanisms by which reservoirs of HIV-1 may be able to persist and evade HAART. The most well-characterized reservoir of HIV-1 is latently infected resting memory CD4 ϩ T cells (10, 12, 17, 18, 47, 48) . This T-cell subset is infected with stable integrated provirus that requires cellular activation to produce infectious virus. This latent form of virus is not susceptible to current antiretroviral drugs. Moreover, the pool of latently infected resting CD4 ϩ T cells is very stable, with a half-life of nearly 4 years (17, 51, 57, 59) . Latently infected resting CD4 ϩ T cells have been detected in the peripheral blood, gastrointestinal (GI) tract, and lymph nodes of HIV-1-infected individuals and are also likely to exist in other organs containing lymphoid tissue (reviewed in reference 65). Another mechanism for evasion of HAART is residual virus replication (39, 62, 71) , which can be expected in reservoirs that do not adequately transport and/or metabolically activate antiretroviral drugs. Some studies have suggested that residual viremia during HAART comes mostly from reactivation of latent virus (13, 35) , whereas others have demonstrated viral evolution during HAART, which suggests ongoing virus replication (11, 62 ; reviewed in reference 54). These potential sources of residual viremia are not mutually exclusive, and the relative proportions of the two may vary in different patients and with different drug regimens.
In addition to resting CD4 ϩ T cells, candidate cellular reservoirs of virus include macrophages, which may express virus for prolonged periods, follicular dendritic cells, which may hold infectious virions on their surfaces, glial cells, endothelial cells, and mast cells (15, 21, 34, 60, 68) . Potential anatomical sanctuaries also include the central nervous system (CNS) and the genitourinary tract (reviewed in reference 9). Given the limitations in accessing such tissue in humans, analysis of the locations and dynamics of HIV-1 reservoirs can best be conducted with a robust animal model of AIDS. Many of the potential sanctuaries of virus are difficult to evaluate without invasive methods, which are not ethically feasible with patients during successful HAART. Accordingly, insights into the lo-cations and dynamics of latency/persistence can best be obtained by analysis of an animal model that closely mimics HIV-1 infection and progression to AIDS in humans.
Nonhuman primate models, particularly simian immunodeficiency virus (SIV) infection of macaques, have been the most widely studied of the animal models for AIDS and have contributed significantly to the understanding of important aspects of pathogenesis and means for intervention (reviewed in ref- erence 20) . A major advantage is the similarity of macaques, anatomically, physiologically, and immunologically, to humans. Also, SIV is genetically and biologically similar to HIV-1 (reviewed in reference 28). Macaques infected with SIV exhibit a similar fatal immunodeficiency disease to that in humans infected with HIV-1, but the disease course is accelerated, permitting more rapid experimentation (reviewed in reference 20). Studies of SIV-infected macaques support the relevance of this animal model for identifying potential reservoirs of latency/ persistence during HAART. Infected tissues and cellular compartments have been identified in animals with high virus loads (VLs), using immunohistochemistry, in situ hybridization, and quantitative image analysis (19, 23, 40) . In addition, PCR methods have been used for sensitive detection and quantification of viral nucleic acids in cells and fluids (31, 38, 61) . Collectively, these approaches have demonstrated similar tissue distributions and sites of replication in HIV-1-infected individuals (9, 23) and SIV-infected macaques (7, 29) . SIV and HIV-1 exhibit similar patterns of localization in the CNS (55, 69, 72) , gut-associated lymphoid tissues (27) , thymus, and spleen (37) . SIV, like HIV-1, infects predominantly CD4 ϩ T cells (32, 67) and macrophages (36, 53) . Brain macrophages and microglia are potential reservoirs for both of these viruses in their respective hosts (41, 69) . Additional sites for SIV that could serve as reservoirs are Langerhans and dendritic cells in mucosal tissues (33) . A report of SIV-infected macaques treated with two nucleoside RT inhibitors (NRTIs) provided evidence that resting CD4 ϩ T cells in peripheral blood, lymph nodes, and spleen, but apparently not the thymus, may serve as potential viral reservoirs (56) . More recently, an SIV model was reported that enables studies of reservoirs of persistent SIV during treatment with a HAART regimen (14) .
A limitation to SIV as a model for HAART is that SIV is not susceptible to the nonnucleoside RT inhibitors (NNRTIs) that are widely used in AIDS therapy. This limitation has been circumvented by construction of chimeric viruses (RT-SHIVs), which consist of SIV molecular clones in which the SIV RT has been replaced with the HIV-1 RT (2, 63). Two different RTSHIVs have been used for studies of AIDS therapy in rhesus macaques (6, 30, 43) and pigtail macaques (3). The first RT-SHIV, which is the one we used in this study, was made from the pathogenic molecular clone SIVmac239 (63) . This RT-SHIV is susceptible to NRTIs and several NNRTIs, including nevirapine and efavirenz (6, 30) . Moreover, RT-SHIV mutants resistant to NNRTIs selected in vitro arise as rapidly as with HIV-1 and contain similar mutations (6, 30) . Additionally, the chimeric virus demonstrates high VLs and pathogenesis in rhesus macaques, comparable to those with SIVmac239 (5, 63) .
This report describes a comprehensive analysis of reservoirs in RT-SHIV-infected macaques given a suppressive HAART regimen. We optimized PCR amplification methods for the sensitive quantification of both vRNA and viral DNA (vDNA) and used these to measure virus in fluids, cells, and tissues recovered from numerous anatomic sites at necropsy of drugtreated macaques. Importantly, to analyze viral reservoirs, resting CD4 ϩ T cells were recovered from several lymphoid organs and GI tract tissues and were analyzed for vRNA and vDNA. These studies indicate that virus persists in a broad range of tissues during highly suppressive HAART.
MATERIALS AND METHODS
Virus. Stocks of RT-SHIV were prepared as described previously (30, 43) . The RT-SHIV used for these studies had the T-to-C substitution at position 8 of the SIV tRNA primer binding site which is necessary for high-level replication of RT-SHIV in vivo (58) .
Animals and sample collection. Juvenile rhesus macaques (Macaca mulatta) of 7 to 10 months of age (ϳ2.0 to 3.1 kg) were obtained from the retrovirus-free colony of the California National Primate Research Center (CNPRC). This facility operates according to the Guide for the Care and Use of Laboratory Animals prepared by the Committee on Care and Use of Laboratory Animals of the Institute of Laboratory Animal Resources, National Research Council. When necessary, animals were immobilized with ketamine-HCl (Parke-Davis, Morris Plains, NJ), at 10 mg/kg of body weight, injected intramuscularly. EDTAanticoagulated blood samples were collected regularly to measure viral and immunologic parameters. Complete blood counts from these samples were done on an automated electronic cell counter (ABX Pentra 60-Cϩ; ABX Diagnostics, Irvine, CA), and differential counts were determined manually.
Preparation and administration of antiretroviral drugs. Efavirenz (Sustiva) was provided by Bristol-Myers Squibb (Wallingford, CT), and emtricitabine (FTC) and tenofovir (PMPA) were provided by Gilead Sciences (Foster City, CA). Efavirenz was fed at 200 mg per day by mixing the contents of a 200-mg Sustiva capsule into food such as peanut butter sandwiches. Stock solutions of FTC were prepared in phosphate-buffered saline (PBS, pH 7.4). PMPA was suspended in distilled water, with NaOH added to a final pH of 7.0. FTC and PMPA stocks were filter sterilized and stored at 4°C. These NRTIs were administered subcutaneously in the back, with a regimen of 16 mg per kg of body weight once daily for FTC and 30 mg per kg of body weight once daily for PMPA. Drug dosages were adjusted weekly according to body weight. The dose of PMPA was reduced to 15 mg/kg per day after 20 weeks of treatment to reduce any long-term renal toxicity (64) . Serum chemistry panels and clinical and histopathological observations did not suggest any detectable toxicity for efavirenz or FTC at the doses used in this study.
Plasma viral RNA levels. A real-time quantitative RT-PCR (TaqMan) assay with a sensitivity of 50 copies of viral RNA per ml of plasma was used to quantify RT-SHIV RNA (38) . For HAART-treated macaques with VLs undetectable by this assay, virus was concentrated by centrifugation of plasma, using a modification of the method of Palmer et al. (45) . This ultrasensitive vRNA assay for RT-SHIV has a sensitivity of 1 to 2 copies of vRNA per ml of the original plasma sample (our unpublished data).
Sequence analysis of rebound virus. Nucleic acid preparation and sequence analysis of the RT-encoding region of RT-SHIV isolates of rebound virus were performed as previously described (43) .
Lymphocyte phenotyping by four-color flow cytometry. T-lymphocyte antigens were detected by direct labeling of whole blood with peridinin chlorophyll protein-conjugated anti-human CD8 (clone SK1), phycoerythrin-conjugated antihuman CD4 (clone M-T477), fluorescein-conjugated anti-human CD3 (clone SP34), and allophycocyanin-conjugated anti-human CD20 (clone L27) (all from BD, Franklin Lakes, NJ). Red blood cells were lysed and samples were fixed in paraformaldehyde by use of a Coulter Q-prep system (Coulter Corporation, Hialeah, FL). Lymphocytes were gated by forward and side light scatter and were then analyzed with a FACSCalibur flow cytometer (BD). CD4 ϩ and CD8 ϩ T lymphocytes were defined as CD3 ϩ CD4 ϩ and CD3 ϩ CD8 ϩ , respectively. B lymphocytes were CD3 Ϫ CD20
ϩ . Necropsy and tissue collection. Macaques were sedated, and cerebrospinal fluid (CSF) was collected. Animals were then euthanized with a barbiturate overdose, and peripheral blood was collected. Subsequently, each animal was perfused with physiological saline, and a complete necropsy was performed by staff veterinary pathologists at the CNPRC. Each necropsy included gross and microscopic examination of all tissues and organs. Tissues were collected, and separate samples were fixed in 10% neutral buffered formalin and embedded in paraffin, immersed in OCT preservative for subsequent sectioning and histopathologic analysis, snap-frozen in liquid nitrogen, and collected directly in lysis buffers for analysis of vRNA and vDNA (see below). The list of tissues is shown in Table 1 . Sterile cell suspensions were prepared from lymph nodes, the spleen, and portions of the GI tract. A portion of each cell suspension was treated with lysis buffer and stored for vRNA and vDNA analysis, and another portion was cryopreserved in cell culture freezing medium, which consists of 90% fetal bovine serum (FBS) (Omega Scientific) and 10% dimethyl sulfoxide (DMSO).
Enrichment of resting CD4 ؉ T lymphocytes. At the time of necropsy, blood and tissue samples from mesenteric lymph node (MLN), jejunum, and spleen were taken from each macaque. Single-cell suspensions were generated from MLN and spleen by liberating the lymphocytes with scalpels and passing them through a 70-m nylon cell strainer (BD). Peripheral blood mononuclear cells (PBMC) were isolated from blood by use of Histopaque gradients following standard procedures. The single-cell suspensions from jejunum were obtained using a previously reported method (66) . Briefly, 25-to 30-cm sections of jejunum were cut into approximately 0.5-cm 2 pieces, using opposing scalpels. Next, the tissue pieces were transferred to medium containing Hanks buffered saline solution with 1 mM EDTA (Sigma) and 0.5 mM dithiothreitol (Sigma) and incubated at 37°C with constant agitation for 30 min. Following each of the incubations, the solution was passed through a steel mesh strainer, and the flowthrough, primarily intraepithelial lymphocytes (IELs), was collected, washed, and stored on ice in RPMI 1640 plus 5% FBS. After two or three incubations, the remaining tissue was cut into approximately 2-to 3-mm 2 pieces and incubated in RPMI 1640 containing 0.5 mg/ml type II collagenase (Sigma). The flowthrough, mainly lamina propria lymphocytes (LPLs), was collected, washed, and stored on ice. After passage of the cell suspensions through 60-ml syringes loosely packed with glass wool to remove excess mucus, the IELs and LPLs were isolated by Percoll gradient centrifugation. Cells were counted, samples were set aside for flow cytometry and for PCR analysis of vDNA and vRNA in presorted cell suspensions, and remaining IELs and LPLs were then combined.
Resting CD4 ϩ T lymphocytes were enriched from approximately 100 ϫ 10 6 lymphocytes in single-cell suspensions of mesenteric lymph node, spleen, PBMC, and jejunum (IELs and LPLs), using negative selection with magnetic beads. A BD I-Mag CD4 T-lymphocyte enrichment set (BD, Franklin Lakes, NJ) was used according to the manufacturer's protocol in order to remove cells expressing the following markers: CD8, CD11b/Mac-1, CD16, CD19, CD36, CD41a, CD56, CD123, CD235a, and ␥␦ T-cell receptor (TCR). Anti-HLA-DR and anti-CD20 microbeads (Miltenyi Biotec, Auburn, CA) were added according to the manufacturer's protocol in order to remove activated CD4 ϩ T lymphocytes and B cells, respectively. Following resting CD4
ϩ T-cell enrichment, separate aliquots Neurological tissues
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a All tissue values are the means for two different tissue samples of each tissue. All values are normalized to 2 ϫ 10 6 copies of cellular IL-2 DNA measured in each sample.
b Virus loads in plasma and CSF are given as copies of RT-SHIV RNA per ml of fluid.
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were placed in ABI lysis buffer (Applied Biosystems, Foster City, CA) for nucleic acid analysis, stored in cell freezing medium, and analyzed by flow cytometry to estimate the purity of the cell populations. Detection of vDNA and vRNA in cells and tissues by PCR. Levels of vRNA in HAART-treated animals are below the level of detection by conventional methods (immunohistochemistry and in situ hybridization). Accordingly, we developed methods for real-time PCR, using a preamplification procedure similar to that reported for detection of low-copy-number RNA transcripts (8) . Preamplification of RT-SHIV DNA and RNA and of cellular interleukin-2 (IL-2) DNA and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) RNA was validated as described previously (8) . Real-time PCR and RT-PCR, for RT-SHIV DNA and RNA, respectively, were performed as described previously (38) . The primers used in these assays amplify a region of gag that is present in viral RNA and in full-length RT-SHIV transcripts; this region is not present in multiply spliced mRNA or short transcripts that are hypothesized to be made during viral latency (1). Thus, this assay provides a preliminary test to identify sites of virus replication.
Extraction and preamplification of viral DNA and RNA were performed at the UC Davis Lucy Whittier Molecular and Diagnostics Core Facility. Briefly, tissue samples in ABI lysis buffer in 96-well plates were treated with proteinase K, and tissues were disrupted by addition of two metal beads to each well and processed through an ABI 2000 GenoGrinder (Applied Biosystems, Foster City, CA). RNA and DNA were prepared from these lysates, using an Applied Biosystems model 6100 nucleic acid prep station. For RNA analysis, 100 l of lysate was transferred to a 1.5-ml microcentrifuge tube on ice containing 6 l of 5 M NaCl and 10 l of glycogen (5 mg/ml). After mixing, 300 l of absolute ethanol was added to each tube, followed by gentle mixing. Tubes were then stored at Ϫ20°C overnight. The ethanol precipitate was pelleted by centrifugation, and the pellet was washed with 70% ethanol. Ethanol was removed and residual ethanol allowed to evaporate. Pellets were resuspended in 20 l of water, treated with DNase (10 U, 37°C for 15 min), and heated to 85°C for 5 min to inactivate DNase. Aliquots were tested for DNA contamination by PCR (no RT), using primer pairs for cellular IL-2 DNA. The RNA was used to synthesize cDNA in reaction mixtures with RT (SuperScript III), random hexamer primers, and RNase inhibitor. DNA was extracted from 100 l of lysate and precipitated with cold ethanol. Due to extremely low levels of vRNA and vDNA in tissues from HAARTtreated humans or animals, we used a sensitive assay that includes a preamplification step prior to real-time PCR. Preamplification of DNA or the cDNA made from RNA was conducted as described by Baumgarth et al. (8) , with conditions optimized for our primers for SIV and cellular genes. Preamplification was performed for 20 cycles with Advantage 2 DNA polymerase. For analysis of cDNA, PCR amplification was done with primer pairs that detect the cellular GAPDH gene and SIV gag. For analysis of DNA, primers for the cellular IL-2 gene and SIV gag were used. All of these reactions were validated with known standards. The threshold cycle (C T ) values obtained by TaqMan RT-PCR analysis of the preamplified material were linear with respect to cycle number.
Real-time PCR was performed, and levels of DNA or RNA were determined with standard curves as previously described (38, 43) . For samples that were quantified after preamplification, real-time PCR of IL-2 DNA was performed both before and after preamplification to determine the preamplification factor. After real-time PCR, values were divided by this preamplification factor to calculate levels of viral and cellular DNA in the tissue samples.
For detection of RT-SHIV gag, pol, and env sequences, nested PCR amplifications were performed with cDNAs obtained from tissues as described above. The two primer sets for gag were the same as those for the preamplification step and the real-time PCR assay (38) . The first round of nested PCR amplification of gag was done with primers SIV 456F and SIV 756R, and the second round used primers SIV 510F and SIV 592R (38) . The primer sets for pol were for the HIV-1 RT region of RT-SHIV. The first round of nested PCR amplification for pol used primers HXB2-EcoRV and HXB2-3341R, and the second round used HXB2-3145 and HXB2-3253R (43) . For env, the first-round nested primers were 239-8961 (5Ј-CTC TTG ACT TGG CTA TTC AGC AAC) and 239-9266R (5Ј-CTC CAT GGA GTA TTC ATA TAC TG), and the second-round primers were 239-8997 (5Ј-ATC GAG AGT ATA CCA GAT CCT C) and 239-9064R (5Ј-CCA CCC ATA TTG TAG GTA GGT). Nested PCR was performed using GoTaq DNA polymerase (Promega, Madison, WI) with green buffer under the manufacturer's recommended conditions. Reaction mixtures contained primers at a concentration of 0.4 M and a 200 M concentration of each of the four deoxynucleoside triphosphates. A 2-l aliquot of cDNA was used for the first round of PCR amplification, and 2 l of the first-round product was used in the second round. To test for potential DNA contamination, nested PCR amplification was done on samples of the no-RT controls from the cDNA synthesis reaction. First-round PCR amplification conditions were 95°C for 2 min, followed by 40 cycles of 95°C for 30 s, 50°C for 30 s, and 72°C for 23 s and ending with an extension step at 72°C for 5 min. Conditions for the second round were 95°C for 2 min, followed by 30 cycles of 95°C for 20 s, 50°C for 20 s, and 72°C for 7 s and ending with an extension step at 72°C for 5 min. Second-round PCR amplification products were analyzed by electrophoresis on a 2% agarose gel and were imaged with a Gel Logic 100 imaging system using Kodak 1D software (Eastman Kodak Company, Rochester, NY). Size markers were All Purpose Lo DNA markers (Bionexus, Oakland, CA).
RESULTS

Efficacy of HAART regimen in macaques.
The experimental design for this study and specific animals in each group are shown in Fig. 1 . Twelve juvenile rhesus macaques were each inoculated intravenously with cell-free RT-SHIV as described previously (43) , and all became persistently infected, with VLs reaching a peak between 2 and 4 weeks postinfection (Fig. 2) . At 6 weeks postinfection, nine animals were started on HAART consisting of efavirenz, tenofovir, and emtricitabine. The other three RT-SHIV-infected macaques were maintained as untreated controls (no drugs). Data from an additional 10 control (no drugs), RT-SHIV-infected animals from two other studies were included in this study. The mean VL for this group of 13 RT-SHIV-infected control animals is shown in Fig. 2 . The three untreated control animals in this study had VLs within the range reported in previous studies (30, 43) .
Plasma VLs in the HAART-treated macaques rapidly declined, with a pattern similar to the decline in HIV-1 loads observed with HAART in human patients (46) and to that in our previous report of RT-SHIV-infected macaques treated with efavirenz plus lamivudine plus tenofovir (43) . By 24 weeks postinoculation (18 weeks of therapy), plasma VLs were below the level of detection with our standard assay (Ͻ50 copies per ml) in all drug-treated animals, and VLs remained suppressed for the duration of therapy, with only occasional blips (Fig. 2) . Linear regression analysis of the VL decline to fewer than 50 copies per ml was determined to be biphasic (P ϭ 0.02), using the Joinpoint regression program, version 3.4.1 (Statistical Research and Applications Branch, National Cancer Institute). Sufficient amounts of plasma for measurement of VLs below 50 copies per ml of plasma were not obtained from these animals during the course of infection, except at necropsy. However, a longitudinal analysis of this further suppression will be reported for another group of HAART-treated macaques (our unpublished data).
Although plasma vRNA was not detected with our standard VL assay, it was detected with a more sensitive VL assay and larger volumes of plasma available at necropsy. The five HAART-treated animals that were analyzed at necropsy had VLs ranging from 11 to 28 copies of vRNA per ml of plasma (Table 1) .
After 26 weeks of HAART, drug therapy was stopped in four of the treated macaques (Fig. 1) , and these animals were maintained for a 12-week period of observation. After cessation of HAART, VLs rebounded in all four animals (Fig. 2) . Consensus sequence analysis (43) of the rebound virus did not reveal detectable levels of mutations in RT that are known to confer resistance to efavirenz, emtricitabine, or tenofovir (data not shown). These results are in agreement with our previous study of viral rebound after cessation of HAART (43) and indicate that the rebound virus is not primarily drug resistant. The other five HAART-treated animals were euthanized, and necropsies were performed (Fig. 1) for pathological and histopathologic analysis and for collection of fluids, tissues, and cells for analysis of vRNA and vDNA.
In the live phase, all of the HAART-treated macaques in this report showed normal weight gains and did not present with significant clinical findings. Hematologic values, including numbers and ratios of CD4 ϩ and CD8 ϩ T cells, remained in the normal reference range for all of these animals (data not shown).
Necropsy analysis included both gross pathology and histopathology. One of the three RT-SHIV-infected, untreated macaques, Mmu 35609, exhibited signs of the lymphoproliferative phase of simian AIDS, including prominent lymphoid tissue in several anatomic sites and secondary follicles in spleen, lymph nodes, and bone marrow. Cryptosporidium and Trichomonas in the GI tract provided evidence of an immunocompromised state in Mmu 35609. The other two animals (Mmu 35483 and Mmu 36130) in this group of RT-SHIV-infected macaques had not developed signs of progression to simian AIDS at the time of necropsy. Also, all other organs examined appeared normal.
For the five RT-SHIV-infected macaques that were euthanized for necropsy during HAART, pathological analysis revealed no opportunistic infections and histologic analysis showed that lymphoid organs were normal. Three of the four RT-SHIV-infected macaques that received HAART for 26 weeks followed by removal of this drug regimen for a 12-week period (Mmu 35685, Mmu 35913, and Mmu 36098) showed no pathological signs of immunodeficiency and no abnormalities of major organs. However, Mmu 35940, a member of this group, entered the lymphodepletion stage of simian AIDS, as revealed by depletion of lymphocytes in the lymph nodes, spleen, and GI tract (data not shown).
Tissue distribution of vRNA and vDNA. Extraction procedures and PCR/RT-PCR assays for detection and quantification of RT-SHIV DNA and RNA in tissues from infected macaques were developed to measure tissue levels of vDNA and vRNA (see Materials and Methods). IL-2 DNA levels were used to normalize vDNA and vRNA to a per cell basis, and GAPDH RNA provided a measure of RNA yield and integrity. In preliminary studies, we determined that vRNA and vDNA levels in HAART-treated animals were below the level of detection with our standard assays (data not shown). Therefore, a preamplification step was introduced for detection of low-copy-number RNAs (8) . Preamplification efficiencies for SIV gag and cellular IL-2 DNA were nearly identical, as determined from the slopes of the lines for C T values versus cycles of preamplification (Fig. 3) . Linear regression analysis determined that the slopes of the two lines were not significantly different (P Ͼ 0.77). To assess the reproducibility of preamplification and TaqMan assays, we performed duplicate determinations for vDNA, cellular IL-2 DNA, vRNA, and cellular GAPDH RNA with a preparation of PBMC from a control (no drug) RT-SHIV-infected macaque. In all cases, variation was Ͻ2.5-fold (data not shown). The number of target cells for virus relative to connective tissue and nontarget cells may vary considerably within an organ. Accordingly, to address the issue of sampling variation, we collected four random pieces from each of three different organs from an RT-SHIV-infected macaque that was not treated with HAART. Nucleic acids from these independent samples were extracted, preamplified, and analyzed for vDNA and vRNA by real-time PCR. The amount of variation in random samples from the same organ was Ͻ3.5-fold for vDNA (Fig. 4A) or vRNA (Fig.  4B) . One-way analysis of variance (ANOVA) determined no significant difference within each organ sampled (P Ͼ 0.05).
One of the control RT-SHIV-infected macaques (not receiving HAART) was randomly chosen for analysis of vDNA and vRNA in tissues (Table 1 ). In this animal (Mmu 35483), the highest levels of vDNA and vRNA were in lymphoid tissues, namely, the spleen, lymph nodes, tonsils, and GI tract tissues. In most of these tissues, vRNA levels were substantially higher than levels of vDNA. Lower levels of vDNA and vRNA were detected in neural and reproductive tissues and in nontarget tissues (kidney, liver, heart, lung, and bladder). Virus detected in these nontarget tissues may be due to trace amounts of blood remaining in the tissues from necropsy.
In HAART-treated macaques, tissue levels of vDNA and vRNA were much lower than those in tissues from the animal that received no drugs ( Table 1 ). The highest levels of vDNA and vRNA in HAART-treated macaques were in lymphoid tissues, particularly the spleen and lymph nodes. Lower levels of vDNA and vRNA (per 10 6 cells) were measured in GI tract tissues. This may be due, at least in part, to a lower percentage of CD4 ϩ T cells in GI tract tissues ( Table 2) . The spleen and all lymph nodes tested from each of the HAART-treated macaques showed detectable levels of vRNA (Table 1) . Some animals also contained vRNA in the thymus (3 of 5 animals) and tonsils (4 of 5 animals). None of the HAART-treated macaques had detectable vRNA in bone marrow. All of the lymphoid tissues from HAART-treated animals had vDNA, except for the bone marrow from two macaques. Most GI tract tissues of the HAART-treated macaques also contained detectable vRNA and vDNA, but the levels were generally lower on a per cell basis than those in the lymph nodes and spleen. The exception to this was one of the HAART-treated macaques, Mmu 35349, which had higher levels of vRNA and vDNA in GI tract tissues than the other members of the HAART-treated group. In contrast to the case for the control macaque (no HAART), levels of vDNA were considerably higher than vRNA levels in the lymphoid and GI tract tissues. Therefore, these tissues probably harbor transcriptionally inactive provirus, such as latent or defective proviruses.
Low levels of vDNA were consistently detected in tissues from the reproductive tract of HAART-treated macaques (these were sexually immature males), but vRNA was detected in only one prostate sample (Table 1 ). There was little or no vRNA or vDNA detected in CSF or neural tissues from these HAART-treated macaques (Table 1) .
With the method of nested RT-PCR amplification, we were able to detect gag, pol, and env sequences in tissue samples from HAART-treated animals (Fig. 5) . Thus, the vRNA detected was most likely full length, implying the synthesis of viral genomes.
Analysis of vRNA and vDNA in resting CD4 ؉ T cells. Singlecell suspensions were isolated from necropsy tissues of mesenteric lymph node, spleen, jejunum, and PBMC from the HAART-treated macaques and a control (no drug treatment) RT-SHIV-infected macaque. Resting CD4 ϩ T lymphocytes were enriched from the single-cell suspensions by negative selection to prevent cell activation during the process. Magnetic beads were used to remove cells expressing the following markers: CD8, CD11b/Mac-1, CD16, CD19, CD36, CD41a, CD56, CD123, CD235a, and ␥␦ TCR. Activated CD4 ϩ T lymphocytes and B cells were removed with anti-HLA-DR and anti-CD20 microbeads, as described in Materials and Methods. Although the original depletion cocktail included CD19 beads, B-cell removal was significantly enhanced when CD20 beads were added. Flow cytometry analysis showed that this enrichment produced populations that were predominantly resting CD4 ϩ T cells ( Fig. 6 and Table 2 ) and had greatly reduced levels of activated HLA-DR ϩ T cells (Table 2 ). Resting CD4 ϩ T-cell populations in PBMC, spleen, MLN, and jejunum ranged from 18 to 60% of pre-enrichment cell suspensions. Postenrichment suspensions contained 80 to 97% resting CD4 ϩ T cells. RT-SHIV DNA was detected in both the single-cell suspensions and the enriched resting CD4 ϩ T-cell populations from all macaques, but at a lower level in the HAART-treated group than in the control ( Table 2) . Levels of RT-SHIV DNA were generally higher (per 10 6 total cells) in all of the enriched resting CD4
ϩ cell populations than in the single-cell suspensions from which they were derived. However, there was little or no enrichment relative to numbers of CD4 lymphocytes from the HAART-treated group. Most of these tissues had been positive for vRNA in assays of extracts obtained directly from lysis of the tissue pieces (Table 1) ; accordingly, these data suggest that vRNA was lost during preparation of the cell suspensions. There was not a general loss of intracellular RNA in these samples, because the cell suspensions and enriched populations had normal ratios of cellular GAPDH RNA to IL-2 DNA. However, extracellular vRNA (such as RNA in virions) or vRNA associated with dendritic cells could be lost in the Histopaque gradients and by the washing steps used to prepare the single-cell suspensions.
Therefore, it is likely that most of the vRNA detected in tissue pieces is either extracellular virus or is contained in cells that are lost during preparation of cell suspensions with Histopaque gradients.
DISCUSSION
This study is the first comprehensive analysis of the tissue and organ distribution of a primate AIDS virus during HAART. The HAART regimen studied in these RT-SHIVinfected macaques, efavirenz, emtricitabine, and tenofovir, is commonly used in humans and is one of the most suppressive and durable combinations for AIDS therapy (24, 49) . As in the majority of humans receiving this HAART regimen, all of the macaques in this study remained healthy, with no adverse clinical effects during the treatment period. Virus loads in plasmas of treated macaques declined rapidly, with a biphasic curve similar to that for HIV-1 levels in humans initiating HAART (46) , and low-level viremia (Ͻ50 copies per ml) persisted in plasmas of all treated macaques. Importantly, these drugs were given up to and including the day of necropsy for the animals used to analyze distribution of virus. Therefore, the results represent viral distribution during HAART. Levels of vRNA in these HAART-treated animals were highest (on a per cell basis) in the spleen and lymph nodes. In general, levels of vRNA in these tissues were suppressed less by HAART than the plasma VLs (relative to tissue and plasma VLs, respectively, of the control RT-SHIV-infected macaque that did not receive HAART). Lower levels of vRNA remained in tissues from the GI tract and in the CSF. Viral DNA was most prevalent in lymphoid and GI tract tissues but was also detected in the CNS and the reproductive tract. Viral RNA was detected by real-time RT-PCR of a gag region, but gag, pol, and env sequences were found in similar proportions by nested PCR of tissue samples from HAART-treated animals. Thus, the vRNA detected was most likely full length. For HIV-1-infected patients receiving HAART, there is evidence that plasma viremia does not originate from blood CD4 ϩ T cells (4) . Therefore, it is critical to evaluate effects of HAART and other therapeutic strategies on tissue virus levels. Within tissues, it is also essential to evaluate effects on specific cell types (macrophages, microglia, dendritic cells, and mast cells) that may harbor virus. Some of these cells may be less accessible to antiviral drugs. The RT-SHIV-macaque model will enable future studies on simultaneous measurements of both VL and drug levels in the same tissue or population of cells. Importantly, this approach will identify tissue sites of poor drug penetration and facilitate strategies to eliminate residual virus replication.
Persistently infected resting CD4 ϩ T cells have been detected in the peripheral blood, GI tract, and lymph nodes of HIV-1-infected individuals and are also likely to reside in other organs containing lymphoid tissue (reviewed in reference 65).
Reservoirs of SIV were also reported for resting CD4 ϩ T cells in the peripheral blood, lymph nodes, and spleen, but apparently not the thymus, of macaques experimentally infected with a brain-passaged derivative of the pathogenic SIVmac239 strain (56) . Our results demonstrate that RT-SHIV DNA levels were substantially higher than vRNA levels in most of the lymphoid and GI tract samples and that RT-SHIV DNA, but little or no RNA, was detected in resting CD4
ϩ T cells obtained from the PBMC, mesenteric lymph nodes, spleens, and jejunums of HAART-treated macaques. These findings are consistent with a widespread distribution of latent viral reservoirs in RT-SHIV-infected macaques.
A major impediment to therapeutic eradication of HIV-1 is the persistence of virus in reservoirs that are not eliminated by the best current HAART regimens. It is generally believed that eradication of HIV-1 from infected individuals will require simultaneous inhibition of residual virus replication and the purging or elimination of latent reservoirs of virus. RT-SHIVinfected rhesus macaques provide a model that can directly address issues pertaining to viral reservoirs that evade HAART, and this model can be used to fully test novel eradication strategies. Advantages of the model are the ability to perform controlled experiments in which all animals are infected at the same time with the same virus and animals in each group receive the same drug therapy; the controlled experimental conditions permit studies to address critical issues about the importance of the timing of initiation of intense antiviral drug therapy. In addition, invasive experiments can be performed during successful antiviral therapy for analyses of reservoirs, latency, and residual virus replication. Another advantage of the model is that an important, clinically meaningful end point, virus rebound after cessation of therapy, can be monitored in this experimental system. Successful eradication strategies must reduce, delay, or eliminate rebound virus after therapy is stopped. Eradication strategies, particularly those based on reactivation of latent virus from resting CD4 ϩ T cells (42) , may require approaches that are too risky to test in humans. This nonhuman primate model may be particularly important for testing regimens for "induction" therapy to activate latent virus as well as for evaluating novel antiviral drugs for distribution (penetration) in tissue and cellular reservoirs of virus.
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